A practical synthetic route to enantiopure 5-substituted cisdecahydroquinolines has been developed, the key steps being a stereoselective cyclocondensation of 2-substituted 6-oxocyclohexenepropionates 2 with (R)-phenylglycinol, the stereoselective hydrogenation of the resulting unsaturated tricyclic lactams, and the stereoselective reductive cleavage of the oxazolidine ring.
The decahydroquinoline ring system is the central structure of many naturally occurring biologically active alkaloids, isolated not only from plants but mainly from other terrestrial (amphibians, arthropods) 1 and marine (tunicates, flatworms) 2 organisms. A common structural feature of these alkaloids is the presence of a carbon side-chain, of variable length, at the C-5 position. Although decahydroquinoline alkaloids have received considerable synthetic attention, 3 the enantioselective synthesis of 5-substituted cis-decahydroquinolines has not been explored so far.
We present herein a general synthetic route to enantiopure 5-substituted cis-decahydroquinolines, the key steps being a stereoselective cyclocondensation of (R)-phenylglycinol with a 2-substituted 6-oxocyclohexenepropionate (2) and the stereoselective reduction of the resulting tricyclic lactam 3 (Scheme 1).
SCHEME 1. Synthetic Strategy
Crucial for the implementation of this route is to have available a practical method for the preparation of the starting unsaturated δ-oxo esters 2 that allows a variety of R 1 substituents present in natural products to be introduced at the β position of the cyclohexenone ring. For this purpose, 1,3-cyclohexanedione was converted to bromo enone 1 in two steps, by alkylation with methyl acrylate 4 and subsequent bromination of the resulting diketo ester with (Ph 3 P)Br 2 . 5   TABLE  1 . Synthesis of 2-Substituted 6-oxocyclohexenepropionates
a Method A: R1Li, (C6H5)SCu; Method B: R1MgBr, CuI; Method C: 9-R1-(9-BBN), PdCl2(PPh3)2, K3PO4, DMF.
The introduction of an alkyl substituent into bromo enone 1 to give β-alkyl α,β-unsaturated cyclohexenones 2a and 2b was effected by reaction of 1 with the corresponding lithium phenylthio(alkyl)cuprates 6 (Table 1 , entries 1 and 2). In the butyl series, minor amounts of the ketone resulting from the attack of the butyl residue on the ester carbonyl group were also formed. To evaluate the versatility of the procedure we also studied the introduction of an aryl substituent. In this case the organocuprate was generated by treatment of the corresponding Grignard reagent with CuI 7 (entry 3). Finally, functionalized carbon chains incorporating a protected aldehyde or hydroxy group were introduced in excellent yield via a Suzuki coupling. 8 Thus, regioselective hydroboration of 4-vinyl-1,3-dioxolane (entry 4) or silyl protected (TBDMS or TBDPS) 4-penten-1-ols (entries 5 and 6) with 9-BBN, followed by a cross-coupling reaction of the resulting 9-R 1 -9-BBN derivatives with bromo enone 1 in the presence of a catalytic amount of PdCl 2 (PPh 3 ) 2 gave the respective substitution products 2d-f.
With a versatile method in hand for the preparation of the required δ-oxo esters 2, 9 we next studied their cyclocondensation with (R)-phenylglycinol. 10 The reactions were performed in a Dean-Stark apparatus, in refluxing benzene containing a catalytic amount of AcOH. Under these conditions, δ-oxo esters 2a-f led to the corresponding tricyclic cis-hydroquinolones 3a-f, in which the migration of the carbon-carbon double bond has occurred, in the yields indicated in Table 2 (entries 1-6). Similarly, the known oxo esters 2g 9 and 2h 11 were converted to the respective cyclocondensation products 3g and 3h (entries 7 and 8). These transformations result in the generation of two stereogenic centers with a well-defined absolute configuration in a single synthetic step from an achiral precursor. In all cases, minor amounts (approximate ratio 4:1) of the diatereoisomers at the hydroquinoline ring fusion carbons were also formed. The absolute configuration of the hydroquinoline ring fusion carbons in tricyclic lactams 3 was confirmed when lactam 3h was reduced to the known lactam 6h (see below). 
1 Br 3i 15 a 3 and the diastereoisomer at the hydroquinoline ring fusion carbons in a ratio of ~ 4:1.
The stereoselective formation of lactams 3 involves the initial generation of an imine A, which is in equilibrium via dienamine B with two diastereoisomeric imines C and four diastereoisomeric oxazolidines D (Scheme 2). A final irreversible lactamization occurs most rapidly from oxazolidine D 1 through a chairlike six-membered transition state in which the propionate chain avoids repulsive interactions with R 1 (A 1,2 strain) and C 6 H 5 groups.
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SCHEME 2. Proposed Mechanistic Pathway
An alternative route to lactams 3 involving an initial cyclocondensation of bromo enone 1 with (R)-phenylglycinol and a subsequent cross-coupling reaction from the resulting tricyclic alkenyl bromide 3i was not further explored due to the low yield of the cyclocondensation step (Table 2, entry 9).
The conversion of tricyclic lactams 3 to the target cisdecahydroquinolines required the stereoselective reductive cleavage of the C-O oxazolidine bond, reduction of the lactam carbonyl group, debenzylation of the phenylethanol moiety, and the stereoselective hydrogenation of the hydroquinoline carbon-carbon double bond. The first two transformations were satisfactorily accomplished by alane reduction, which took place with retention of the configuration 13 at the 8a-stereocenter, leading to cis-octahydroquinolines 4a-g' in the yields indicated in Table 3 . Minor amounts (5-10%) of the corresponding 8a-epimers were also formed. Under the reaction conditions the butyrate chain of 3g underwent reduction to hydroxybutyl (compound 4g'). 
However, catalytic hydrogenation of 4a, 4f, and 4g' under a variety of conditions [Pd-C or Pd(OH) 2 , MeOH, Boc 2 O; PtO 2 , MeOH, then Pd-C or Pd(OH) 2 , Boc 2 O] was not stereoselective as C-5 epimeric mixtures of the respective decahydroquinolines 5a, 5f, and 5g' (Figure 1 ) were obtained. In the 5-aryl series, all attempts to hydrogenate the conjugated carbon-carbon double bond of 4c were unsuccessful. As could be expected, taking into account the conformational rigidity of tricyclic lactams 3, this inconvenience was overcome by reversing the order of the above transformations. Thus, hydrogenation of 3a using PtO 2 as the catalyst took place in nearly quantitative yield and complete stereoselectivity to give saturated lactam 6a (Table  4 , entry 1). The absolute configuration of 6a was unambiguously established by X-ray crystallographic analysis.
14 Similarly, hydrogenation of 3b,e-g using either Pd-C or PtO 2 as the catalyst took place in excellent yield and stereoselectivity to give the respective decahydroquinoline derivatives 6b,e-g. However, as in the above reduction of 4c, the conjugated carbon-carbon double bond of the aryl substituted derivative 3c was reluctant to undergo reduction (entry 3). On the other hand, hydrogenation of the unsubstituted derivative 3h led to lactam 6h (entry 7), which was identical (NMR, specific rotation) to that previously prepared by direct cyclocondensation of 2-oxocyclohexanepropionic acid with (R)-phenylglycinol, whose absolute configuration had been unambiguously determined by X-ray crystallography.
To complete the synthesis, removal of the chiral auxiliary was performed in two steps. Thus, reduction of 6a, 6f, and 6g with alane brought about both the reductive opening of the oxazolidine ring, with retention of the configuration, 13 and the reduction of the lactam and ester carbonyl groups to give the respective cis-decahydroquinolines 7a, 7f, and 7g' (Scheme 3). A final hydrogenation in the presence of Pd(OH) 2 and (Boc) 2 O led to the enantiopure N-protected derivatives 8a, 8f, and 8g'. Alternatively, hydrogenation of 7a in the absence of (Boc) 2 O gave the N-unsubstituted cis-decahydroquinoline 9a.
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SCHEME 3. Synthesis of Enantiopure 5-Substituted cisDecahydroquinolines
In summary, we have developed an expeditious practical route to enantiopure 5-substituted cis-decahydroquinolines from achiral δ-oxo esters 2, which are easily accessible from 1,3-cyclohexanedione. A stereoselective cyclocondensation reaction with (R)-phenylglycinol results in the straightforward construction of the hydroquinoline system. Two subsequent stereoselective reductive processes complete the synthesis (Scheme 4).
SCHEME 4. A General Synthetic Route to Enantiopure 5-Substituted cis-Decahydroquinolines
Experimental Section
General Procedure for the Synthesis of 2-Substituted 6-Oxocyclohexenepropionates. Method A (with 2a as an Example). MeLi (32 mL, 1.6 M in Et 2 O) was added to a suspension of C 6 H 5 SCu (8.6 g, 50 mmol) in anhydrous THF (260 mL) at −20 ºC, and the mixture was stirred at this temperature for 15 min. After cooling at −78 ºC, bromo enone 1 (6.5 g, 25 mmol) in anhydrous THF (50 mL) was added, and the mixture was allowed to reach 0 ºC, stirred for 2.5 h, and poured into saturated aqueous NH 4 Cl. The aqueous layer was extracted with EtOAc, and the organic extracts were dried and concentrated. The residue was chromatographed (9:1 hexane-EtOAC) to give 2a . CuI (340 mg, 1.78 mmol) was added to a solution of bromo enone 1 (300 mg, 1.15 mmol) in anhydrous THF (6 mL), and the resulting suspension was vigorously stirred at −10 ºC. p-Methoxyphenylmagnesium bromide (6.8 mL, 0.5 M in THF) was slowly added, and the mixture was stirred at −10 ºC for 16 h, poured into saturated aqueous NH 4 Cl (5 mL) and Et 2 O (5 mL), and stirred for 1 h. The aqueous layer was extracted with Et 2 O, and the organic extracts were dried and concentrated. The residue was chromatographed 00. Method C (with 2d as an Example). 2-Vinyl-1,3-dioxolane (0.29 mL, 2.9 mmol) was added to a solution of 9-BBN (5.8 mL, 0.5 M in THF) at 0 ºC, and the mixture was stirred at rt for 3 h. Then, DMF (12 mL), K 3 PO 4 (407 mg, 1.92 mmol), PdCl 2 (PPh 3 ) 2 (42 mg, 0.06 mmol), and bromo enone 1 (500 mg, 1.92 mmol) were added, and the mixture was heated at 60 ºC for 16 h. H 2 O (12 mL) was added, and stirring was continued for 30 min. The aqueous layer was extracted with EtOAc, and the combined organic extracts were washed with H 2 O, dried, and concentrated. The residue was chromatographed (1:1 hexane-EtOAc) to give 2d 
